The University of Maine

DigitalCommons@UMaine
Electronic Theses and Dissertations

Fogler Library

5-2001

Artificial Recharge of Groundwater as a Water
Management Option for Eastern Maine
Robert J. Saunders

Follow this and additional works at: http://digitalcommons.library.umaine.edu/etd
Part of the Bioresource and Agricultural Engineering Commons
Recommended Citation
Saunders, Robert J., "Artificial Recharge of Groundwater as a Water Management Option for Eastern Maine" (2001). Electronic Theses
and Dissertations. 350.
http://digitalcommons.library.umaine.edu/etd/350

This Open-Access Thesis is brought to you for free and open access by DigitalCommons@UMaine. It has been accepted for inclusion in Electronic
Theses and Dissertations by an authorized administrator of DigitalCommons@UMaine.

ARTIFICIAL RECHARGE OF GROUNDWATER AS A WATER
MANAGEMENT OPTION FOR EASTERN MAINE

BY
Robert J. Saunders
B.S. North Carolina A&T State University, 1997

A THESIS
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
(in Bio-Resource Engineering)

The Graduate School
The University of Maine
May, 2001

Advisory Committee:
Warren E. Hedstrom, Associate Professor of Bio-Resource Engineering, Advisor
Willem F. Brutsaert, Professor of Civil Engineering
Andrew S. Reeve, Assistant Professor of Geological Sciences

ARTIFICIAL RECHARGE OF GROUNDWATER AS A WATER
MANAGEMENT OPTION FOR EASTERN MAINE

By Robert J. Saunders
Thesis Advisor: Dr. Warren E. Hedstrom

An Abstract of the Thesis Presented
in Partial Fulfillment of the Requirements for the
Degree of Master of Science
(in Bio-Resource Engineering)
May, 2001

The declining population of Atlantic salmon in eastern Maine has brought the wild
blueberry industry's irrigation practice of pumping water directly from ponds and streams
under scrutiny. Restrictions on pumping from streams has prompted the industry to seek
new water resources.

One resource with potential to assist the industry to meet its

irrigation needs is groundwater.

However, preliminary research has shown that

groundwater is not capable of completely satisfying irrigation needs.
To evaluate the potential that artificially recharging the groundwater during spring
run-off to retain the water for later use as irrigation, the groundwater software Visual
MODFLOW was applied. Inputs necessary to describe the hydrogeologic properties of
the Pineo Ridge delta in Washington County, Maine were made. Once calibration was
achieved, the model was used to simulate the effects that the artificial recharge of
groundwater (ARG) had on the hydrodynamics of the system. Water was recharged into
the aquifer during April and May (225 Lls (4050 gpm) for 45 days) when spring flows

generally make water available in nearby ponds, streams, and rivers. Then, in July and
August when water is limited and needed for irrigation, the water was removed from the
aquifer by pumping. The study site shows potential in that it was capable of supporting 7
pumping wells for 80 days at 8 L/s (125 gpm) each.
Once the potential of the Pineo Ridge recharge site had been evaluated, three of
the hydrogeologic parameters; hydraulic conductivity, storativity, and distance to a
surface-water body, of the aquifer were adjusted to determine the impact that each had on
the groundwater system. The goal of this evaluation was to determine the extent that each
controlled the overall success or failure of an ARG site.
Finally, the values for the parameters that yielded the most favorable results were
applied to one simulation. Again, recharge was applied at 225 L/s (4050 gpm) for 45
days during April and May. The resulting simulation characterized an aquifer system
capable of supporting 10 wells each yielding 12.8 L/s (200 gpm) for 80 days without
reducing the groundwater table in the aquifer by more than 30 cm (1 ft) from observed
elevations.
From this study some general guidelines with which to evaluate potential ARG
sites were determined. Aquifers with hydraulic conductivity values between le-4 m/s (30
ft/day) and 1.8e-4 m/s (50 ft/day) have the greatest potential for this application.
Recovery of water through pumping is difficult in aquifers with specific yield values less
than 0.2. Finally, the extent that the distance between the recharge site and a nearby
surface-water body might assist or hinder the blueberry producers ability to recover the
recharged water needs to be evaluated on a case-bycase basis.
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Chapter 1
INTRODUCTION

The production and processing of the lowbush blueberry (Vaccinium
angustifolium) contributes $70 million annually to Maine's economy, employs nearly
8,000 people, and provides much needed income to economically challenged areas
within the state. As the state's third largest agricultural crop and 25% of the world's
total annual crop, Maine's production of blueberries is the largest in North America
(Yarborough, 1997; Dalton, 2001). Over the past five years, annual production from
12,000 ha (30,000 acres) has yielded an average of 33.9 million kg (74.5 million lbs) of
blueberries per year (Yarborough, 2001). Studies have shown that proper management
including fertilizer application, bees, and irrigation has increased average yields more
than fourfold over the past 30 years to over 8960 kglha (8,000 lblacre) (Yarborough,
2001; Koehler, 2000). Although no formal research on the effects of irrigation has been
published, the perception among growers is that irrigation is one of the most significant
factors in the yield increase and is the most significant in stabilizing yields from year to
year (Olday, 2001). Consequently, over the past fifteen years the blueberry industry in
Maine has invested heavily in irrigation systems, pumps and power units, impoundment
construction, well installation, and streambank pumping sites.
In 1995, concerns over decreases in the population of the Atlantic salmon
prompted Governor Angus King to sign an executive order appointing the Maine
Atlantic Salmon Task Force. The task force was charged with the developnlent of the

Atlantic Salmon Conservation Plan (Plan) for the protection and recovery of the
salmon in seven of Maine's rivers (Figure 1.1) (ASCP, 1997).

Figure 1.1 Maine's Seven Protected Rivers (MASC, 2000).

The Plan detailed a series of steps that state agencies are applying to the rivers to
encourage the recovery and reproduction of the salmon.

Although the plan

acknowledged that the fate of the Atlantic salmon is ultimately out of the State's control,
its purpose was to assure that all reasonable steps were taken to allow for the restoration
of the salmon if international commercial fishing and ocean temperature conditions
improved. One of the requirements dictated in the Plan was the development of a Water
Use Management Plan (WUMP) for each of the seven watersheds.

Of the seven

watersheds, three; the Narraguagus River, the Pleasant River, and Mopang Stream (a
tributary of the Machias River), are under intensive blueberry production. Historically,
the blueberry industry has relied on withdrawals from surface-water bodies; streams,
impoundments, and ponds, as their primary source of irrigation water. Despite the fact
that regulatory agencies, mainly the Maine Department of Environmental Protection
(MDEP) and the Land Use Regulatory Commission (LURC), have required the industry
to monitor its water usage, the recent concern over declining populations of Atlantic
salmon has brought the industry's irrigation practices under scrutiny (Bell, 1999;
Clancy , 1999; Young, 1999; Dalton and Criner, 2000; "Saving the Salmon", 1999).
Since early in the WUMP development process, groundwater was recognized to
have great potential to satisfy the industry's needs. The United States Department of
Agriculture (USDA) Natural Resources Conservation Service (NRCS) has estimated that
the Pleasant River watershed alone contains 10,000 ha (39 sq mi) of significant sand and
gravel aquifers capable of sustaining continuous groundwater pumping rates greater than
0.63 Lls (10 gpm) (NRCS, 1996). Coincidentally, these aquifers are underlying the
majority of existing blueberry ground.

In addition, groundwater exploration work

performed by the major blueberry growers has resulted in wells that yield from 13 Lls
to 130 Lls (200 gpm to 2000 gpm) (Horsley, 2001). Presently, at least two of the larger
blueberry growers are using water wells as sources of irrigation water.
In 1990, University of Maine graduate student John W. Hale studied the aquifers
of Pineo Ridge (Figure 1.2) and concluded that, although groundwater does have
potential as an irrigation water source, it is not in its entirety the solution. Hale's
research findings implied that under average conditions, the aquifer could provide 2.5

cm (1 in) of water per week for two months in the summer for 200 ha (500 acres) with
minimal effect on the groundwater table. Under drought conditions however, the 2.5 cm
(1 in) scenario would require 4 average years for the aquifer to return to equilibrium,
and trying to irrigate 500 ha (1200 acres) had significant impact to the groundwater
during a normal year and serious long-term effects during a dry year (Hale, 1990).
Hale (1990) concluded that the Pineo Ridge aquifer has the potential to hold significant
volumes of water in storage, but the recharge to those aquifers is insufficient for large
scale pumping, particularly during dry years.

Figure 1.2 Pineo Ridge.

Since groundwater is currently being used as a source of irrigation water but the
widespread use of groundwater to satisfy the need for irrigating blueberries is in doubt,

a reasonable question is: How can the volume of the water in the aquifer be increased
to meet the needs of blueberry irrigation? One method of accomplishing this is the
artificial recharge of groundwater or ARG.

ARG is a water management tool that

borrows water during times of surplus and places it into storage to be utilized during
times of shortage.

Preliminary studies have suggested the artificial recharge of

groundwater as a water management option to assist in satisfying the needs of the
watershed (Horsely, 2001). The NRCS has determined that the retention of a relatively
small portion of the high spring flows could yield the equivalent of 5 cm (2 in) of
rainfall, or 8.3 billion liters (2.2 billion gallons) in the Pleasant and Narraguagus River
watersheds (NRCS, 1996).
This study evaluates the sand and gravel aquifers (specifically Pineo Ridge) of
Eastern Maine as sites for artificial recharge of groundwater. The primary objective of
this study is to provide water resources management information relating the capacity of
the aquifer to store and retain artificially recharged waters and the recoverability of the
waters for use in irrigation at a later date.
1.

The objectives of this study include:

The development and validation of a computer model to simulate the effect
that artificial recharge has on the groundwater system of Pineo Ridge,
Washington County, Maine.

2.

Performance of a sensitivity analysis to determine the effect that various
hydrologic parameters have on ARG.

3.

Formulation of a set of guidelines for which potential ARG sites can be
assessed.

Chapter 2

LITERATURE REVIEW

The practice of augmenting groundwater through artificial recharge is
longstanding and well documented. The earliest usages were to provide public drinking
water supplies. Two examples of this are a tunnel built along the River Clyde in 1820
to supply potable water to Glasgow, Scotland and an open basin near the Garonne in
1820 for Toulouse, France (Huisman and Olsthoorn, 1983).

Since the early 19"

century, numerous techniques and applications for ARG have been developed. Today,
the analysis of the effectiveness of these various techniques can be performed with
computer models. Literature describing these developments was reviewed and pertinent
information is outlined in this chapter. This chapter is organized with the following
sections: Artificial recharge of groundwater, Geology of Downeast Maine, Models as
Water Management Tools, and Model Selection.

Artificial Recharge of Groundwater

The artificial recharge of groundwater (ARG) is a process by which excess water
is purposely directed into the ground to rebuild or augment groundwater supplies. It is
accomplished by one of three methods:

spreading on the surface, injecting water

through recharge wells, or by altering natural conditions to increase infiltration (NRC,
1994). Stated simply, ARG uses the aquifer to store water in times of water surplus to
meet demand in times of shortage (NRC, 1994). Over the past several decades, ARG

has been successfully used in numerous locations as a tool for managing water resources
(Huisman and Olsthoorn, 1983).
In the hydrologic cycle (Figure 2. l), water falls on the ground as precipitation.
Some of it evaporates, some runs off to nearby surface-water bodies, and the remainder
infiltrates the soil, entering the groundwater cycle (Figure 2.2). Groundwater may be
removed by pumping or is naturally discharged through a spring or as flow into a
surface-water body. Eventually a portion returns to the atmosphere as evaporation or
transpiration and continues through the hydrologic cycle.

The purpose of ARG is

simply to increase the quantity of water that enters the aquifer at a specific site.

Figure 2.1 Hydrologic Cycle (Huisman and Olsthoorn, 1983).
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Figure 2.2 Groundwater Cycle (Huisman and Olsthoorn, 1983).

Methods to Artificially Recharge the Groundwater

Groundwater recharge methods are classified as one of three general types:
indirect, direct subsurface, direct surface (Asano, 1985). Whether used independently
or in combination, the approach chosen should be based on soil characteristics, aquifer
and water-table properties, climate, environmental constraints, and, to a lesser degree,
the quality of the recharge water (Johnson and Finlayson, 1989).

Indirect Recharge. Indirect groundwater recharge is achieved through manipulation of
an aquifer's natural properties or conditions to encourage ARG. As shown in Figure
2.3, the drawdown in the water table caused by pumping of the well causes increased
infiltration from the nearby river. Although not commonly referred to as ARG, this
form is predominantly used as a method of obtaining potable water, but also can be used
as a treatment method for polluted waters. Around the world, this process has been
used to remove contaminants such as organic carbon, heavy metals, and microbial
organisms (Gibert et al., 1993). Numerous studies have been performed to evaluate the

Figure 2.3 Indirect Recharge of Groundwater (Huisman and Olsthoorn, 1983).

effectiveness of various bank sediments and microbial packs in removing a multitude of
contaminants (Preuss and Nehrkorn, 1996; Schmidt, 1996).

Direct Subsurface Recharge. Recharge to confined aquifers and aquifers overlain by
soils with low permeability generally requires recharge or "injection" wells (Figure
2.4). Similar in construction to pumping wells, recharge wells are screened, and may
require gravel packing (in unconsolidated aquifers). A basic requirement of recharge
wells is the need to treat recharge water to remove all suspended particles in order to

Figure 2.4 Direct Subsurface Recharge of Groundwater (Huisman and Olsthoorn,

reduce clogging of the pores at the recharge site. Inevitably, clogging will occur and
periodic redevelopment will be necessary, and thus, recharge through injection wells is
considerably more expensive than with infiltration basins (Johnson and Finlayson,
1989).

In 1996 an experiment to evaluate the use of subsurface injection, storage, and
recovery of water in the lower Floridian aquifer was performed. The experiment, near
Lake Okeechobee, Florida, was designed to determine the recoverability of injected
water in an effort to use the aquifer as a transmission line to southern Florida. Several
cycles of injecting water followed by pumping were performed and as more cycles of
the experiment were performed, the percentage of recoverable water increased
(Quinones-Aponte et al., 1996).

Direct Surface Recharge.

If soils are permeable and the aquifer is unconfined,

infiltration basins are generally the method of choice for ARG.

Infiltration basins

(Figure 2.5) can be constructed or may exist as natural depressions. In the blueberry
barrens kettle holes exist and may serve as direct surface recharge sites, as will be
presented later.
When direct recharge is practiced, the amount of water that enters the aquifer is
controlled by three factors (Figure 2.5): the infiltration rate, the percolation rate, and the
r

capacity for horizontal water movement (Huisman and Olsthoorn, 1983).

The

infiltration rate is the rate at which the surface layer allows the water to enter the soil.
The percolation rate is the rate at which water moves downward through the soil profile.
Generally, in homogeneous soil profiles the infiltration rate is nearly equal to the

percolation rate early in the recharge process, but clogging (from suspended particles,
algal growth, and microbial activity) at the surface will cause a reduction in the
infiltration rate. The capacity of horizontal water movement is determined from the
flow pattern of the water and the soil's transmissivity (Huisman and Olsthoorn, 1983).
Transmissivity is the measure of the amount of water that can be transmitted
horizontally by the saturated thickness of the aquifer per unit of hydraulic gradient
(Fetter, 1980).
supply of

+ surface water
less pervious
layer

.

- ...

. .

,

.. - . . .

. . .. .

infiltration rate,

- . . . .- .

.
.

.

. . . .. . .
.

...

Figure 2.5 Direct Surface Recharge of Groundwater (Huisrnan and Olsthoorn, 1983).

In an effort to reduce groundwater nitrate contamination and combat a declining
water table of the Central Platte region of Nebraska, researchers have been

experimenting with groundwater recharge since 1992. The initial field experiments not
only showed a dramatic rise of the water table, but a significant decrease in agrochemicals and nutrients in the groundwater as well (Ma and Spalding, 1997).
Furthermore, municipalities throughout the world have had success with this form of
recharge as a treatment of reclaimed wastewater.

Since 1975, the East Meadow

Artificial Recharge Facility in Nassua County, Long Island, NY has been using
basins to recharge the aquifer while simultaneously providing treatment. A
15-month study evaluating the groundwater mounding and chemical effects of the
recharge on the groundwater determined that as a result of the treatment, the levels of
nitrogen and several low-molecular-weight hydrocarbons decreased to levels that were
well within drinking water standards (Schneider et al., 1987).

Geology of Eastern Maine

Brief History of Glaciation

At the end of the Wisconsinan glaciation, the retreat of the Laurentide Ice Sheet
left in its wake the geologic features of coastal Maine (Weddle et al., 1988). During the
ice retreat, a period of global climatic warming increased melting and caused a
worldwide rise in sea level. The extreme weight and pressure of the ice sheet depressed
the earth's crust and allowed the seawaters to follow the glacier as far inland as
Millinocket, Maine (Figure 2.6). As the glacier melted, soil and rock debris collected
in it during its advance was released and deposited on the bedrock surface as a
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Figure 2.6 Sequence of Glacial Recession and Emergence of Delta (Borns, 1982).

discontinuous layer (Figure 2.7).

The deposited glaciofluvial, glaciolacustrine, and

glaciomarine sediments are the surviving record of the ice retreat (Weddle et al., 1988;
Thompson, 1979).

Figure 2.7 Stratigraphic Relationships in Glacial Deposits (Weddle et al., 1988).

Surficial Geology

The Pineo Ridge Delta is a glaciomarine delta that formed 12,000 years ago.
"The term glaciomarine delta refers to a delta deposited in the marine environment from
meltwater and sediment derived directly or indirectly from a glacier" (Born, 1981).
Born (1981) explains the formations of deltas further (Figure 2.8),

"when sediment-laden streams flow into a still body of water, they deposit the
layers of deltaic sediments in a characteristic manner. The stream deposits on
the top of the delta, called topset beds, are thin, nearly horizontal, overbank
deposits of the stream's distributaries. Thicker foreset beds accumulate on the
front of the delta over which the stream's sediments are dumped. These layers
generally accumulate at angles of 25" or less from the horizontal. The finest
particles remain in suspension for a relatively long time and ultimately come to
rest as clay and silt-rich bottomset beds in front of the advancing foreset beds."

Figure 2.8 Typical Deltaic Cross Section (Boms, 1981).

In addition to displaying classic deltaic formation, Pineo Ridge also displays
some other particularly well-formed features (Figure 2.9), these include (Boms, 1981):
(sites listed are not all-inclusive, just easily accessed and welldeveloped examples).

1. The northern margin, or "ice contact margin", was deposited while in
direct contact with the glacier. This type of deposition followed by a
collapse as the glacier finally dissipated, resulted in a north face that is
characterized by steep slopes, irregular and chaotic topography, and pits

and mounds from 5 m to 15 m (15 to 50 feet) in relief.
2. Channels varying in depths and widths from 1 m to 2 m (3 ft to 6 ft) and 5 m
to 10 m (15 ft to 30 ft) respectively were formed by sediments that were
carried away from the glacier by meltwaters. Although abandoned and dry
now, these channels are common across the surface of the delta.
3. During late glacial times (12,000 to 15,000 years ago), the retreating margin
of the Laurentide Ice Sheet was in direct contact with the sea. Icebergs
broke off from the glacier and much the same as they do today in Greenland
and Antarctica. This resulted in the formation of large closed depressions
called "kettle holes" on the seaward side of the delta, which developed when
large pieces of the iceberg would become grounded or would break off while
the delta was still building forward. Eventually, the deltaic sediments would
surround the piece and when it melted away, a large depression was left in
the surface. Kettle holes vary considerably in size and shape depending on
the size of the iceberg.
4. The southern edge, or distal margin, of the delta displays shoreline features.

After the delta stopped building seaward and glacial melting relieved the
stress on the earth's crust, the delta emerged (Figure 2.10). As the sea
dropped, wave-cut cliffs, wave-built platforms, and numerous beach ridges
were left. The delta's seaward facing margin was formed when the sea level
was 80 m (250 ft) above present day mean sea level and is characterized by a
7 m (21 ft) high wave-cut cliff. Several beach ridges running parallel to and
below the cliff were formed from wave action against the cliff.

Figure 2.10 Geologic Cross Section of Pineo Ridge Delta along Line A-B (Figure 2.9)
showing prominent figures (Boms, 1981).

5. The internal sediments and stratigraphy produced springs in the distal margin of
the emerged delta. Many intermittently flowing springs on the southern margin
of the delta have long been recognized and studied. Water falling on the surface
of the delta infiltrates into the ground and descends through the coarse topset and
foreset layers until it reaches the water table. The impermeable bottomset layer
retards vertical flow and redirects it along horizontal planes.

Groundwater

travels along these bottomset beds and discharges at the face of the delta,
forming springs. Over time, the flowing water undercuts the delta, eroding
large gullies into it.

Bedrock Geology

Information about the bedrock of Pineo Ridge is limited. Borns (1982) mapped
three areas of outcropped bedrock. All three define the extent of the terminal moraine
of the northern portion of the deposit and are believed to have played a significant role
in stopping the glacial readvance.
A reconnaissance map of the bedrock geology of the Cherryfield Quadrangle
shows that the bedrock of Pineo Ridge is granitic from the Devonian Era or of more
recent origin (Figure 2.1 1) (Gilman, 1961).

Models as Water Management Tools

Models have been used for decades to better understand and predict groundwater
flow.

Shaw and Southwell are credited with the first applications of numerical

simulation to a subsurface flow problem in 1941 (van der Heijde et al., 1988). The
advent of high speed digital computers, along with the subsequent and ongoing
development of analytical and numerical models for both surface and groundwater
systems, has lead to widespread use of these tools for water management. By predicting
and illustrating alternative solutions, computer models have saved innumerable manhours and capital (Loucks, 1981).
A generally accepted definition of a "model" is:

"a non-unique simplified

description of an existing physical systemn(vander Heijde et al., 1988). This definition
is extremely broad and captures a multitude of different types of models. However,

Figure 2.1 1 Bedrock
(Gilman, 1961).

groundwater modeling is generally associated with numerical and analytical models. A
more descriptive definition for a numerical groundwater model is: "a mathematical
description of the processes active in a groundwater system, coded in a programming
language, together with a quantification of the groundwater system it simulates in the
form of boundary conditions and parameters" (van der Heijde et al., 1988).

Model Selection

The Environmental Protection Agency (EPA) has determined that four major
problem areas exist among models. These problems, listed in order of importance are
(Bachrnat et al., 1978):
1. Accessibility - Many models are not accessible to potential users. Increasing
accessibility not only improves the quality of the modeling but also improves
the training of the modelers.
2. Communication - Management must become more involved in problem
definition and model applications if model outputs are to become more
useful as management tools.

3. Data Inadequacies

- Particular attention needs to be paid to identifying the

data that is essential to solving the particular problem. Improvements in
data collection methods are needed.

3. Model Inadequacies - The development of models for areas where scientific
understanding is limited should only be encouraged after scientific
understanding improves.

For this study on the artificial recharge of groundwater, a model was needed that
could

address

soil

characteristics

and

stratigraphy,

recharge,

pumping,

evapotranspiration, and groundwater flow.
A program that fits all of these criteria is the Modular Three-Dimensional FiniteDifference Ground-water Flow Model or MODFLOW. MODFLOW was developed by
the United States Geologic Survey (USGS) and is easily accessed free of charge from the
Internet.
In 1994, Waterloo Hydrogeologic, a private software developer, released an
graphical version of MODFLOW called Visual MODFLOW (Guiger and Franz, 1998).
Visual MODFLOW is considerably more "friendly" to users and more efficient in its
application. "Specifically designed to increase modeling productivity and decrease the
complexities typically associated with building three-dimensional groundwater flow and
contaminant transport models", Visual MODFLOW has rapidly replaced its predecessor
among consulting firms, educational institutions, and government agencies around the
world (Guiguer and Franz, 1998). Upon consideration of all of this information, Visual
MODFLOW was selected as the computer simulation program for this study evaluating
the effects of artificially recharging the groundwater in the aquifers of eastern Maine.

Chapter 3

METHODOLOGY
1

1

.

The artificial recharge of groundwater from surface waters to retain those waters
for later use requires some prediction of its success.

With the application of the

computer program Visual MODFLOW to this problem, an evaluation of the recharged
water that is available for irrigation can be accomplished. This chapter provides a
description of Visual MODFLOW and the information and steps required to apply it to
this study.

Description of Visual MODFLOW

Interface

The interface of Visual MODFLOW is divided into three modules, the Input
Module, the Run Module, and the Output Module. The Input Module provides users
with the ability to create a graphical three-dimensional representation of the study area.
The modeler can assign values directly to the study area and the software creates the
appropriate files. The Run Module allows the user to alter the parameters and options
that are run specific, such as the solver package, recharge and re-wetting applications
and the tolerances for convergence. The Output Module provides the user with the
ability to display all of the modeling and calibration results.

Although Visual

MODFLOW graphically represents the study area, the inputs, and the outputs, the files

are translated and processed by the 1996 version of MODFLOW, or MODFLOW 96
(Guiguer and Franz, 1998). For this reasons, the assumptions and computational
procedures of the Visual MODFLOW are equivalent to that of MODFLOW 96.

MODFLOW %

MODFLOW 96 (Harbaugh and McDonald, 1996), the Modular ThreeDimensional Finite-Difference Groundwater Flow Model is coded in Fortran 77. It is
capable of simulating steady state and transient flow in regularly or irregularly shaped
layers that can be confined, unconfined, or some combination. Flows from external
sources, recharge, evapotranspiration, drains, rivers, as well as properties of the
groundwater system such as hydraulic conductivity, storage and anisotropy can all be
varied in the model. The assumption governing MODFLOW is that the study area can
be divided into blocks and that the properties within the block can be characterized

uniformly (Harbaugh and McDonald, 1996). Mathematically, three-dimensional flow of
water through a saturated porous medium can be represented by the following partial
differential equation (Kresic, 1997):

Where

L,Kyy and ICr are the principal components of the hydraulic conductivity
along the x, y, and z coordinate axes and are assumed to be parallel to
the major axes of hydraulic conductivity [llt];

h is the potentiometric head [I];
W is the volumetric flux per unit volume and represents sources and/or sinks of

-'

water [t 1;

Ssis the specific storage of the porous medium [l-' 1;
t is time [t].

Equation

1 assumes saturate groundwater flow and therefore limits

MODFLOW's capacity to simulate vadose zone flow.

For some study sites, this

limitation may have a significant impact on MODFLOW's prediction capabilities,
however for this study area, the water table is relatively near to the kettle hole bottom so
unsaturated flow within the vadoze zone is minimal.
Additionally, Equation 1, in combination with head conditions at the boundaries
of the system and initial hydraulic head conditions, creates a mathematical representation
of a groundwater flow system.

Since analytical solutions of this equation are not

possible for complex systems, numerical models must be employed to obtain
approximate solutions. Upon application of a finitedifference approach, the continuous
system is replaced by a finite set of discrete points in space and time and the partial
derivatives are replaced by points calculated from the differences in head values of
adjacent points (Kresic, 1997).
To more accurately describe a groundwater system, MODFLOW 96 is equipped
with supplemental packages to handle specific characteristics within the system. In this
study, the most important was the drain package.
package is (Anderson and Woessner, 1992):

The equation used in the drain

Where:

Qd

is the volumetric flow rate at which water is removed from the system
by the drain (13It);

Cd is the hydraulic conductance of the interface between the drain and
the aquifer (1 It);

H is the potentiometric head in the cell as determined by MODFLOW 96 (1);
d is the elevation of the drain (1).

After the parameters necessary to describe the system have been entered into
MODFLOW, the user has four solution methods from which to choose. The one chosen
for this study is the preconditioned conjugate-gradient package, PCG2, because it is the
most efficient in its ability to solve simultaneous equations in both linear and non-linear
systems (Guiguer and Franz, 1998).

Data Acquisition and Model Development

The development of the model required additional hydrogeologic information of
the Pineo Ridge Delta, Washington County, Maine. The necessary information was
identified and a strategy to acquire and input the data was developed and is as follows:

- Information Gathering
- Estimation of Hydrologic Parameters
- Model Calibration to Observed Groundwater Conditions and Field Test

- ARG Applied to the Study Area
- Evaluation of Hydrologic Parameters on the Artificial Recharge of
Groundwater

- Ideal Site Application

Information Gathering

The first step in this study was to obtain and assemble the available information
on the study area (Figure3.1). Topographic, bedrock, surficial geology, and significant
sand and gravel aquifer maps of the Pineo Ridge area were purchased from the Maine
Geologic Survey (MGS).

Since Pineo Ridge is registered with the state as a critical

area, a copy of the Maine State Planning Office Critical Areas Report (1989) was
obtained. Harold Borns, a Professor of Geological Sciences, University of Maine,
supplied an explanation of the formation of the delta.
The author spent a summer as a hydrologic intern with Jasper Wyman and Son
and was actively involved with the WUMP process for nearly two years.

This

experience has yielded a better understanding of the water resources of the region and
the water needs for irrigation.

Estimation of Hydrologic Parameters

To describe a groundwater system, the MODFLOW user must determine a
number of hydrologic parameters that dictate how much water enters the groundwater

system and control its movement within it. The parameters required for this study were
the recharge rates, hydraulic conductivity, and storage.

Recharge Rates. Inflow of water to a groundwater system is termed recharge. In an
unaltered system or a system without a stress placed on it, recharge is that fraction of
precipitation that infiltrates the soil and flows downward to the groundwater table, and

Figure 3.1 Site Plan of Study Area. Shaded region delineates approximate boundaries
of the kettle hole.

the water that enters the ground from surface-water bodies (Anderson and Woessner,
1992). Since this study evaluates the artificial recharge of groundwater, it should be
noted that after calibration, the study area will become an altered system.
Initial simulations of the model were of the unaltered delta and therefore only
focused on recharge from precipitation, which averages about 126 c d y r (49.7 in/yr)
(NRCS, 1996). Horsley and Witten (2001) estimates that on the sand and gravel
aquifers, 70 cmlyr (28 in/yr) of precipitation becomes recharge and on the till and clay,
20 c d y r (8 in/yr) will recharge the groundwater. According to R.G. Gerber, annual
recharge rates in glacial outwash sand and gravel range between 50-60% of annual
rainfall, and in tills range between 5 1 5 % of total rainfall (R.G. Gerber, 1987; R.G.
Gerber, 1996). Since these studies are in agreement, recharge values within these
ranges were used for the initial calibration of the model. Finally, recharge to the study
area from groundwater inflow must be evaluated. By extending the model boundaries
out to constant head sources, i.e. surface-water bodies, and topographic watershed
boundaries, the assumption that no groundwater inflow to the system along the
boundaries could be made.

Hydraulic conductivity. Hydraulic conductivity, K, is the critical hydraulic property
influencing groundwater flow through porous media. Specifically, it is a measure of
"the rate of flow of water ... through a unit cross-sectional area under a unit hydraulic
gradient at the prevailing temperature" (Caswell, 1979). Thousands of measurements
of hydraulic conductivity and permeability have been performed in both the laboratory
and in the field. From these measurements, formulas relating grain size, sorting, shape,

and porosity to hydraulic condactivity have been developed (Domenico, 1998).
Estimations of hydraulic conductivity based'on soil texture are available from reference
books which were the source of values not acquired from actual field tests (Table 3.1).
Despite the value of these formulas, the best estimates of hydraulic conductivity
come from field tests in undisturbed soil. There have been eight wells installed in the
study area as well as several exploratory brings. The boring logs (Appendix A) as well
as the hydraulic conductivity tests of the wells were provided to this study and used to

Table 3.1 Ranges of Values for Hydraulic Conductivity, K (Freeze and Cherry, 1979).

determine the average hydraulic conductivity across the delta.

From boring logs,

discussions with Professor Borns, and inspecting the delta, hydraulic conductivity values
of the remaining glacial till, lowland silt, clay, fractured bedrock, and the peat deposits
were estimated as shown in Table 3.2.

Table 3.2 Hydraulic Conductivity Values of the Sediments of the Pineo Ridge Delta.
Soil/Rock

Hydraulic Conductivity, K

Source

Sand and Gravel

le-4 m/s (30 ft/day)

Field data

Glacial Till

2.k-5 m/s (8 ft/day)

Freeze and Cherry, 1979

Lowland Silt

3.5e-6 m/s (1 ft/day)

Freeze and Cherry, 1979

Fractured Bedrock

1.8e-6 m/s (0.5 ft/day)

Freeze and Cherry, 1979

Peat

2.5e-7 m/s (7.le-2 ft/day)

Check, 2001

Storage. The storage of an aquifer is the volume of water the aquifer contains that can
be released either through compression of the aquifer or by gravity drainage. Storage is
a function of the specific storage and the specific yield of the aquifer and MODFLOW
requires inputs for both of these properties (Anderson and Woessner, 1992).
Specific Storage 6s).

The volume of water that a unit volume of aquifer

releases from storage under a unit decline in hydraulic head is known as specific storage
(Freeze and Cherry, 1979). This quantity is generally small and dominates groundwater
flow in confined aquifers. In an unconfined aquifer such as Pineo Ridge, the specific
storage value is insignificant relative to that of the specific yield. For this study the
value of le-4/m (3e-5/ft) was found to be reasonable (Anderson and Woessner, 1992).
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S~ecificYield (Sv).

Specific yield is the measure of the volume of water

released by gravity drainage in response to decline of the water table per unit area of
porous material. Although subject to error and difficult to obtain, estimates can be
acquired from pump tests (Anderson and Woessner, 1992). For this study, the value
used for specific yield was based on charted values (Table 3.3) for sand and gravel and
based on Table 3.3 a value of 0.2 was used as an initial estimate (Anderson and
Woessner, 1992). However through calibration the value of 0.25 was determined to be
more appropriate.

Table 3.3 Ranges of Values of Specific Yield (Sy) (Anderson and Woessner, 1992).
Material

No. of Analysis

Range of Specific
Yield, Sy

Arithmetic
Mean

Sandstone (fine)

47

0.02-0.40

0.21

Siltstone (medium)

10

0.12-0.41

Siltstone

13

0.01-0.33

Sand (fine)

287

0.01-0.46

Sand (medium)

297

0.16-0.46

Sand (coarse)

143

0.18-0.43

Gravel (fine)

33

0.13-0.40

Gravel (medium)

13

0.17-0.44

Gravel (coarse)

9

0.13-0.25

Silt

299

0.01-0.39

Clay

27

0.01-0.18

Limestone

32

0-0.36

Loess

5

0.14-0.22

Eolian sand

14

0.32-0.47

Model Calibration

The Pineo Ridge study area (Figure 3.2) was discretized into a 75 X 90 grid.
This created 6750 equal sized cells each measuring 45.7 m X 45.7 m (150 ft X 150 ft).
An average ground-surface elevation was assigned to each cell in the model.

To

accomplish this, the digital elevation model (DEM) for the Schoodic Lake Quadrangle
was downloaded from the USGS website (USGS, 2000).

The computer software,

ERDAS Imagine, was used to calculate the ground-surface elevations and an output file
of X,Y,Z coordinates was generated. This file was imported into Visual MODFLOW
and the surface topography was interpolated from it (Figure 3.3). The domain was
divided into the number of layers needed to represent the profile of the delta's deposits.
After studying the maps from MGS, the well and boring logs, and talking with Dr.
Borns, it was determined that sufficient data did not exist to warrant more than three
layers, with the bottom being a fractured bedrock layer.
Recharge rates were established based on 25-year record of precipitation from
the University of Maine's Blueberry Hill Farm located in Jonesboro, ME (Table 3.4).
Located approximately 26 km (16 miles) east-southeast of the study area, Jonesboro is
the closest and most complete weather record for the study area. Values for recharge
rates were assigned to the top active layer of the model and hydraulic conductivity, and
storativity values were assigned, as appropriate, to all three layers. To account for the
rivers and ponds within the study area, the boundary of each were set as a constant head
sources with an elevation equal to its average summer elevation. Finally, drains were
placed along the southern and northern margins of the delta to simulate springs. This
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Figure 3.2 USGS Topographic Map of Study Area. Image was used as the background
for Visual MODFLOW. For modeling purposes, study area was rotated to allow crosssections to run parallel with or intersect perpendicularly to groundwater flow. (Units
are feet)

Figure 3.3 Topographic Map of the Study Area. Generated by Visual MODFLOW
from DEM data (contour interval of 50 ft).

denotes locations of surface-water bodies,

shaded cells along outside boundaries are inactive cells. (Units are feet)

placement allowed excess water to be released from the aquifer when the calculated
groundwater elevation exceeds the drain elevation, as previously described.

Table 3.4 Average Monthly Precipitation Data for Jonesboro, ME (1975-2000).

Month
January

I

Average
Precioitation (mm)
120.17

February
March
April
June

94.04
103.78
106.26
92.00
Total

July

Average
Precipitation (mm)
99.14

August
September
October

89.85
104.24
96.32

November

115.69

December
1266.35 mm

122.84

Month

Calibration. The purpose of calibration is to establish a model that can reproduce
measured heads and flows. Calibration is often a trial and error process of adjusting
parameters, generally hydraulic conductivity and recharge, until simulated hydraulic
heads and flow rates approximate observed values (Anderson and Woessner, 1992).
Model calibration and validation on the study area was achieved through several steps as
shown in Table 3.5.
Steady-State Calibration. To calibrate the model, runs were simulated under
steady-state conditions to match the calculated water-table elevations to that of the
average observed water-table elevations for the summer of 2000 in the eight wells
throughout the study area.

Although the Water Year 2000 (October 1, 1999 -

September 30, 2000) for Jonesboro, ME was slightly dryer than the 25-yr average

37

(Table 3.6), the difference is not substantial enough to have a significant impact on this
study

Table 3.5 Simulations Performed for Model Calibration and Validation.

I

Model Run

I

I

Purpose

P P
teady State

Pararneter(s) Determined

F
F

nitial model calibration through adustment ydraulic conductivity and
f the hydraulic conductivity values and
echarge rates.
echarge rates of the study area.
ode1 calibration through adjustment of the ransient recharge rates,
pecific yield (Sy).
echarge rates over the study area and the
torativity values of the delta.

ield Test

capacity to
predict unnatural stresses placed

pecific yield (Sy).

Table 3.6 Precipitation Record for Water Year 2000, Jonesboro, ME.
Month
October 1999
November 1999
December 1999
January 2000
February 2000
March 2000

Average Monthly
Precipitation (mm)
93.22
122.17
128.52
123.44
93.47
118.36

Total

Month
April 2000
May 2000
June 2000
July 2000
August 2000
September 2000

1144.43 mm

Average Monthly
Precipitation (mm)
135.38
79.5
53.34
55.37
55.55
86.1 1

I

As previously stated, specific yield values are difficult to obtain and therefore
the desire to eliminate specific yield as a variable coupled with the lack of water

elevation data from late fall through early spring dictated that the initial calibration be
made under steady-state conditions.

Several runs, each involving adjustments of

recharge rates and hydraulic conductivity, were made until a final calibration was
achieved. Once calibrated, the calculated hydraulic heads were used as initial heads for
all transient simulations.
Transient Calibration. Transient simulations were performed to acquire transient
recharge rates and to refine the storativity values of the aquifer. In unconfined aquifers,
the storativity is closely approximated by the specific yield (Sy) of the sediments. All
transient model runs followed the USGS water year, beginning on October 1" (day 1)
and end on September 30" (day 365). Transient runs in this study were performed with
a time step of 1 day and with the time steps assembled into 8 stress periods
corresponding to the times of the year that are significant to this study. Stress period 1
was used to account for fall and winter recharge. Stress period 2 represents the time of
year when the ground is no longer frozen and an ample supply of recharge water is
available in ponds and rivers, therefore ARG would be applied to the model. During
stress period 3, no stresses were to be placed on the aquifer.

Stress period 4

corresponds to the time of the blueberry-growing season when irrigation is generally
needed and therefore groundwater pumping will be applied to the model. Stress periods
5 through 8 will be used to simulate an ARG field experiment that was performed at the

study site. All transient runs and case studies were performed with the stress periods
and corresponding recharge values as delineated in Table 3.7 unless otherwise noted.
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Table 3.7 Stress Periods and Corresponding Recharges for All Transient Simulations.
Total Recharge (mm) (Yearly Total)
Till
Start Day

Peat

End Day

Field Test. In September 2000 (stress period 5) a field test (Appendix C) to
more accurately define the storage properties and hydraulic conductivity of the aquifer
was performed. For four days water was pumped into a kettle hole from the nearby
pond (Figure 3.1). The hydraulic head in the aquifer was monitored in six nearby wells,
all located within 300 m (1000 ft) of the kettle hole. Although the rates and the duration
of the pumping were varied, the total water pumped was approximately equal to 1 m
(3.3 ft) of rainfall over the bottom, approximately 1 ha (2.5 acres) in size, of the kettle
hole's basal area. Other data determined from this field test were the approximate
surface topography contours of the first three feet of depth of the kettle hole, and the
infiltration rate of the aquifer.
It should be noted that the bottom of the kettle hole is lined with peat. The low
hydraulic conductivity of the peat, 2.5e-7 rnls (0.071 ftlday), relative to that of the

surrounding sand and gravel, 1.3e-4 1x11s (35 ftjday) restricted the flow of the recharge
water mostly to horizontal flow through the sides of the kettle hole.
To validate the capability of the model to simulate unnaturally occurring stresses
on the study area, the model was run to simulate the field test. The specific yield of the
delta was adjusted until a reasonable calibration to the observed head values was
achieved. The calibrated value for specific yield, 0.25, was used for all other runs in
this study unless otherwise stated.

Application of ARG to the Study Area

Before attempting an evaluation of the hydrogeologic parameters governing ARG
sites, a model run simulating the artificial recharge of groundwater in the study area was
performed. The purpose of this run was to determine realistic ranges of hydrogeologic
parameters for the sand and gravel aquifers found in eastern Maine.
For this model run, the parameters determined from the transient calibration and
the field test simulation were applied to the study area. From day 180 to day 225 (stress
period 2), 28 L/s (450 gpm) of recharge was applied to each of the 9 cells representing
the kettle hole. The rate of 28 L/s per cell or 252 L/s total was acquired through trial
and error and represents the rate that would create the maximum stage in the pond
dictated by the topography of the kettle hole. From day 270 to day 350 (stress period
4), groundwater was pumped from the 6 wells surrounding the kettle hole.

In the

model, the wells were conditioned to only allow the water table to be lowered 30 cm (1

ft) below that observed in August of 2000. The pumping rates of the wells were
increased in increments of 1.6 Lls (25 gpm) until the maximum rate was achieved.
From this model run, it was apparent that a large quality of the recharged water
was migrating in a southeasterly direction down the delta and was therefore not
recoverable with the existing wells. An additional well, WP-10, was added to the model
to capture the "lost" recharged water. The location of the WP-10 is shown in Figure
3.4.

Evaluation of the Hydrogeologic Parameters Governing the
Artificial Recharge of Groundwater

An evaluation of the hydraulic parameters that dominate the artificial recharge of
groundwater was performed. The purpose of the evaluation was to draw relationships
between a parameter and its relevance to the success or failure of an ARG site. The
relationships will be used to develop guidelines for evaluating potential artificial
recharge sites.

The parameters that were evaluated are hydraulic conductivity,

specific yield, and the distance to a nearby surface-water body (Table 3.8). The
base model used for all case studies was that obtained from the second transient
calibration and the field test validation model runs.
For all model runs, the recharge rate applied during stress period 2 to the cells
representing the kettle hole was fixed at 28 Lls (450 gpm) and the peat layer in the
bottom of the kettle hole was replaced with sand and gravel to increase vertical flow in
the groundwater recharge. In all model runs the pumping rates of the 7 wells (six

OOSEI

OOOZl

0000 I

0008

0009

OOOb

OOOZ

0

Table 3.8 Evaluation of Hydrogeologic Parameters.
Case Number
1

2

3

Parameter Determined
Relationship Established:
deal hydraulic conductivity of an
he hydraulic conductivity of the
quifer and its capacity to form and LRGsite.
aintain a groundwater mound.

F
F

he specific yield of the delta and deal specific yield for ARG.
e recoverability through pumping
f the recharged water.

e maximum groundwater mound l e effect that linear distance to ;
urface-water body from a
nd its distance from a nearby
echarge site has on groundwater
urface-water body.
nound building and retention.

existing wells and WP-10) were set equal to each other and collectively increased in
increments of 1.6 L/s (25 gpm).

Case 1: Hydraulic Conductivitv. The hydraulic conductivity of the delta was varied in
increments of 1.8e-5 m/s (5 ftlday) to determine the value that would not only allow a
significant water-table mound to be built, but would also maintain the largest proportion
of the mound through the end of stress period 4. Too small of a hydraulic conductivity
would inhibit water entry and movement and too large of a hydraulic conductivity would
allow rapid dissipation of the water stored in the aquifer. For this case, the specific
yield of the delta was set to the value (0.25) obtained from the field test calibration, and
the distance from the kettle hole to nearby surface-water body remained constant. Since
the quantity of water recharged remained constant for all model runs, the ideal hydraulic

conductivity value was that which allowed the recharge water to infiltrate into and be
retained in the aquifer, and then allowed it to be removed through pumping.

Case 2: Swific Yield. Within the typical range of sand and gravel aquifers (Figure
3.4), the specific yield of the delta was increased by increments of 0.05 until the value
that allowed the greatest percentage of the recharge water to be removed by pumping
was determined. A low value of specific yield would inhibit removal by pumping by
creating a large cone of depression and therefore dewatering of the aquifer. For this
case, the values for hydraulic conductivity were set to those obtained from the transient
calibration (Table 3.2), and the distance from the kettle hole to nearby surface-water
body remained constant. The quantity of water recharged remained constant for all
model runs, therefore the ideal specific yield was that which allowed the largest
percentage of the recharge water to be removed through pumping.

Case 3: Distance to a Surface-Water Body. Since the kettle hole being evaluated is
adjacent to a large pond, some difficulty was experienced in developing a groundwater
mound and retaining it. As groundwater elevations increased, the groundwater flow
would "short-circuit" into the pond.

To counter this in the simulations, the

southwestern lobe of the pond was moved away from the kettle hole and replaced with
native materials, effectively placing 300 m (1000 ft) of sand and gravel between the
kettle hole and the pond (Figure 3.5). Four simulations, each positioning the surfacewater feature approximately 60 m (200 ft) farther away from the kettle hole than the
previous simulation, were run. For all model runs, the values of hydraulic conductivity

obtained from the transient calibration were used (Table 3.2) and the specific yield
(0.25) obtained from the field test validation was used.

Ideal Site Evaluation

Upon the completion of cases 1 through 3, the hydraulic properties of an ideal
groundwater recharge site were identified.

For this simulation, the values of the

parameters that yielded the most favorable results for groundwater storage were applied
to one simulation; hydraulic conductivity value of 1.k-4 m/s (40 ftlday), a specific
yield value of 0.40, and a distance of 300 m (1000 ft) between the kettle hole and the
pond). The recharge rate applied to the cells of the kettle hole during stress period 2 was
increased until the maximum groundwater mound was achieved and a pond was
maintained in the kettle hole. The model was run and the outputs evaluated. Pumping
wells were added to the system as appropriate and the model was run again. The
pumping wells only operated during stress period 4 (day 270 to day 350) and pumping
rates were increased until the groundwater conditions returned to those observed during
August of 2000 in the unaltered aquifer.
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Chapter 4
RESULTS AND DISCUSSION

Model Calibration

'

The model must first demonstrate a capacity to simulate conditions that are
naturally occurring in order to establish confidence in its ability to accurately simulate
conditions that are not naturally occurring. The calibration of this groundwater model
was performed in three steps:

steady-state calibration, transient calibration, and

calibration to the field test.

Steady-State Calibration

The model was run in steady-state conditions under the average recharge rates
(Appendix. E). After calibration, hydraulic conductivity values for the sand and gravel
of the delta ranged from 1.3e-4 m/s (35 Wday) to 1.9e-4 m/s (50 Wday) and for the till,
which is rather permeable, a hydraulic conductivity of 1.9e-5 m/s (5 Wday) was
determined.

Recharge rates and conductance terms for the drains (springs) were

adjusted until the calculated groundwater contour map (Figure 4.1) approximated the
groundwater contour map created from the average water levels in the wells and surface
waters within the study area for the summer of 2000. In regions at the toe of the delta,
difficulty was experienced in trying to decrease the calculated water table to elevations
below that of the surface elevations. The conductance and the elevations of the springs
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Figure 4.1 Groundwater Contour Map for Steady-State Calibration. Contour interval is
5 feet (all units are in feet) and arrows indicate relative magnitude of groundwater

velocity.
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Figure 4.2 Groundwater Contour Map Observed during Summer 2000. Generated
from the average water level data gathered from the wells and surface-water bodies
during summer 2000. Contour interval is 5 feet (all units are in feet).

(drains) were adjusted until the groundwater elevations were decreased to a reasonable
height. It should be noted that the spring conductance terms were determined during the
calibration process and are not from field data.
The water elevations observed during the summer of 2000 were plotted against
those calculated by Visual MODFLOW and a straight-line with 1:1 slope was drawn
(Figure 4.3).

With the exception of the point having the largest observed head

(monitoring well MM-2), all points fell within the 95% confidence interval. It should
be noted that the surface elevation of MM-2 was not determined by survey, but rather

by a global positioning system (GPS) with a confidence interval of

+1- 1.6 m ( +1- 5 ft).

Also, MM-2 is not on the delta and is not going to be influenced or be an influence on
this study of ARG.

Transient Calibration

The transient calibration was performed in two steps.

The first

(Appendix E) used the average recharge rates, the springs, and the hydraulic
conductivity from the steady calibration. This allowed the focus to be placed completely
on defining the specific yield (Sy), of the delta (Figure 4.4). Once this calibration was
achieved, the second transient calibration (Appendix E) was performed (Figures 4.5,
4.6, and 4.7). For this calibration the recharge rates were adjusted to more accurately
represent the seasonal changes experienced in eastern Maine (Table 3.8).

--

-

--

Calculated vs. Observed Heads : Steady state
txtra~olatedlHeadl

Infem5Headl----

T!Yh confidence interval

-

11

Num.Points : I
Mean Error : -1.525141 (R
Mean Absolute : 2.483802 (R
Standard Error of the Estimate : 1.37674 (R
Root mean squared : 3.948918 (R
Normalized RMS : 10.16191 ( %

Figure 4.3 Model Calibration Plot for Steady-State Calibration. Calculated vs.
Observed Heads. Points that lie on the line with slope of 1: 1 are in "perfect"
agreement.
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Figure 4.4 Groundwater Contour Map - Transient Calibration, Average.

Results

calculated during transient calibration of model using average water level data from
summer 2000. Contour interval is 5 feet (all units are in feet), arrows indicate relative
magnitude of groundwater flow velocity.
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Figure 4.5 Groundwater Contour Map - Transient Calibration, Stress Period 2. Results
calculated during transient calibration of model using water level data from summer
2000.

Contour interval is 5 feet (all units are in feet), arrows indicate relative

magnitude of groundwater flow velocity.
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Figure 4.6 Groundwater Contour Map - Transient Calibration, Stress Period 3. Results
calculated during transient calibration of model using water level data from summer
2000.

Contour interval is 5 feet (all units are in feet), arrows indicate relative

magnitude of groundwater flow velocity.
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Figure 4.7 Groundwater Contour Map - Transient Calibration, Stress Period 4. Results
calculated during transient calibration of model using average water level data from
summer 2000. Contour interval is 5 feet (all units are in feet), arrows indicate relative
magnitude of groundwater flow velocity.

As a check for model calibration, the observed groundwater levels in the wells
were plotted against the calculated groundwater levels in the wells (Figure 4.8). This
plot confirmed the model's capability to illustrate trends in the groundwater cycle.
Neither of the two transient calibrations required any adjustment of the values of
hydraulic conductivity or coefficients of discharge for the springs. The calibrated value
for the specific yield of the delta was determined to be 0.25. Generally, changes in the
recharge rates had a greater effect on changes in the water table during long stress
periods whereas the specific yield affected the rate at which the water levels changed.

Field Test Calibration

The final calibration of the model was a simulation of the field test carried out in
September of 2000 (Figures 4.9, 4.10, 4.1 1 and 4.12). As described in Chapter 3, the
field test placed an unnatural stress on the groundwater system by flooding the kettle
hole with water for a period of four days. This rapid flooding of the kettle hole was the
equivalent of 8400 c d y r (3300 in/yr) of rainfall, but the calibrated recharge rate of
7500 c d y r (2950 in/yr) was found to most accurately represent the observed reaction of
the groundwater system. This 11% discrepancy is most likely a combined result of the
following factors, however the peat liner in the kettle hole is assumed to be the most
influencing of the four factors:
1. Peat in bottom of kettle hole absorbs and retains a large quantity of water
during the initial stages of the field test.

Figure 4.8 Head vs. Time. Observed water levels plotted against calculated water
levels over time to demonstrate model capacity to simulate groundwater trends.
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Figure 4.9 Groundwater Contour Map - Field Test, Stress Period 5. Contour interval
is 5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity. Note slight deflections in contour lines (220 ft and 225 ft) in the kettle hole.
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Figure 4.10 Groundwater Contour Map - Field Test, Stress Period 6. Contour interval
is 5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity. Note slight deflections in contour lines (220 ft and 225 ft) in the kettle hole.
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Figure 4.11 Groundwater Contour Map - Field Test, Stress Period 7. Contour interval
is 5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity.

odob

odoz

Figure 4.12 Groundwater Contour Map - Field Test, Stress Period 8. Contour interval
is 5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity.

2. As much as 30 cm (1 ft) of water remained in the hole one-week after the
pumping of water was stopped.
3. Evaporation of recharge water during the test (approximately 2.5 cm (1in)).
4. Vadose zone flow during initial stages of the field test.

Application of ARG to the Study Area

To determine realistic values of the hydrogeologic pararne:ters for later use in the
study, a simulation that artificially recharged the groundwater of the study area was
performed. In addition to providing some realistic values for recharge rates to the kettle
hole and to recovery rates, or pumping rates of the aquifer, the simulation provided two
other insights into the study (Figures 4.13, 4.14 and 4.15).
First, the model confirmed that the close proximity of a nearby surface-water body
would inhibit the ability of the aquifer to build and retain any substantial groundwater
mound. At this location, it was shown that when the hydraulic head in the kettle hole
approached an elevation of approximately 71.6 m (235 ft); a stage of about 4.5 m (15 ft)
above the bottom surface of the kettle hole, the water began to rapidly flow through the
sand and gravel and into the adjacent pond. Although a significant quantity of the
artificially recharged water was lost due to this "short-circuitingn effect, the aquifer did
retain enough water to maintain the water elevation in the adjacent pond at July 2000
levels through the end of stress period 4 (mid-September). This fact implies that limited
recharging of kettle holes in close proximity to surface-water bodies, might have greater
value as a tool for replenishing the surface-water bodies as it is drawn down from
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Figure 4.13 Groundwater Contour Map - ARG at Study Area, Stress Period 2. For 45
days, 252 Lls (4050 gpm) of water was applied to the kettle hole as recharge. Contour
interval is 5 feet (all units are in feet), arrows indicate relative magnitude of
groundwater flow velocity.
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Figure 4.14 Groundwater Contour Map - ARG at Study Area, Stress Period
Contour interval is 5 feet (all units are in feet), groundwater flow arrows indicate
recharge water moving away from the kettle hole.
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Figure 4.15 Groundwater Contour Map - ARG at Study Area, Stress Period 4. For 80
days, water was removed from the aquifer by 7 wells with each pumping 7.8 L/s (125

gpm).

Contour interval is 5 feet (all units are in feet), arrows indicate relative

magnitude of groundwater flow velocity.

direct irrigation withdrawals rather than removing the recharged water through pumping
wells.
Second, the simulation showed a significant shift in the groundwater contours
directly to the south of the kettle hole. This shift implied that a large quantity of the
recharged water was moving past well WP-8 between the recharging time and the
recovery time (stress period 2 and stress period 4, respectively) and flows southsoutheast down the delta. Since this water was not recoverable with the existing well
system, the decision was madeto insert an additional well, WP-10, into the model
approximately 300 m (1000 ft) south of the kettle hole (refer to Chapter 3, Figure 3.3
for location of WP- 10).

Evaluation of the Hydrogeologic Parameters Governing the
Artificial Recharge of Groundwater

As outlined in Chapter 3, an evaluation of the effect that the dominating
hydrogeologic parameters might have on an ARG site was performed. For all cases the
base model determined from the second transient calibration and field test calibration
was used and only one parameter was varied. The maximum pumping rates were
determined as the hydrogeologic parameter was varied.

Case 1: Hydraulic Conductivity

The evaluation of hydraulic conductivity (Figures 4.16, 4.17, and 4.18)
indicated that aquifers with hydraulic conductivity values below 1.0 e-4 m/s (30 Wday)
were not viable because they would inhibit the infiltration of recharge water into the
ground and would not allow groundwater removal through reasonable pumping rates
(Table 4.1).

Conversely, hydraulic conductivity values greater than 1.6e-4 m/s (40

Wday) permitted a large percentage of the recharge water to dissipate rapidly from the
aquifer and discharge into the adjacent pond. Recharge water not lost to the pond
migrated away from the recharge site making recovery by pumping difficult.

Table 4.1 Results from Case 1: Hydraulic Conductivity Evaluation.
Hydraulic Conductivity

Maximum Pumping Rate

5.3e-5 m/s (15 Wday)
7.le-5 m/s (20 Wday)
8.8e-5 m/s (25 Wday)
l.le-4 m/s (30 Wday)
-(35
-Wday)
1.2e-4 m/s
1.4e-4 m/s (40 ft/day)
1.6e-4 m/s (45 Wday)
l.8e-4 m/s (50 Wday)

3.2 L/s (50 gpm)
3.2 L/s (50 gpm)
4.8 L/s (75 gpm)
6.3 L/s (100 gpm)
7.9 L/s (125gm)
9.5 L/s (150 gpm)
6.3 L/s (100 gpm)
3.2 L/s (50 gpm)

- -
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Case 1, Stress Period 2.

Hydraulic

Conductivity of the aquifer was set to 1.4e-4 rnls (40 Wday). For 45 days, 252 L/s
(4050 gpm) of water was applied to the kettle hole as recharge. Contour interval is 5
feet (all units are in feet), arrows indicate magnitude of groundwater flow velocity.
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Groundwater Contour Map - Case 1, Stress Period 3.

Hydraulic

Conductivity of the aquifer was set to 1.4e-4 m/s (40 ftlday). Flow arrows indicate
recharged water moving away from kettle hole. Contour interval is 5 feet (all units are
in feet), arrows indicate magnitude of groundwater flow velocity.

Figure 4.18

Groundwater Contour Map - Case 1, Stress Period 4.

Hydraulic

Conductivity of the aquifer was set to 1.k-4 m/s (40 Wday). For 80 days, water was
removed from the aquifer by 7 wells with each pumping 9.5 L/s (150 gpm). Contour

interval is 5 feet (all units are in feet), arrows indicate magnitude of groundwater flow
velocity.

Case 2: Specific Yield

Within the typical range of values for specific yield (Table 3.4) for sand and
gravel aquifers, the results from the specific yield evaluation indicated that values of
specific yield less than 0.1 would limit the recovery of recharge water through pumping.

In model runs (Figures 4.19, 4.20, and 4.21) with low values, a cone of depression
formed that was so large that it impacted areas outside the influence of the ARG.
Nonetheless, a direct relationship between the specific yield of an aquifer and the ease of
water removal by pumping from that aquifer was demonstrated (Table 4.2). The largest
value of specific yield simulated was 0.50 and resulted in a well yield of 11 L/s (200
gprn). However, it is not a value that is present in the types of geologic deposits found
in eastern Maine. Since the value of 0.40 is largest value for Sy that one might expect to
find in eastern Maine, that is the largest value that can be reasonably applied to this
study .

Table 4.2 Results from Case 2: Specific Yield Evaluation.

I

Specific Yield

I

Maximum Pumping Rate
6.3 L/s (100 gpm)
7.9 L/s (125 gpm)
9.5 L/s (150 gpm)
9.5 L/s (150 gpm)
9.5 L/s (150 gpm)
(175
-11.1
- - - L/s
- -- gpm)
11.1 L/s (175 gpm)
11.1 L/s (175 gpm)
12.6 L/s (200 gpm)
-

-

I

Figure 4.19 Groundwater Contour Map - Case 2, Stress Period 2. Specific yield value
of 0.40 was applied to the aquifer. For 45 days, 252 L/s (4050 gpm) of water was
applied to the kettle hole as recharge. Contour interval is 5 feet (all units are in feet),
arrows indicate relative magnitude of groundwater flow velocity.
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Figure 4.20 Groundwater Contour Map - Case 2, Stress Period 3. Specific yield value
of 0.40 was applied to the aquifer. Flow arrows show recharged water migrating away
from the kettle hole. Contour interval is 5 feet (all units are in feet), arrows indicate
relative magnitude of groundwater flow velocity.
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Figure 4.21 Groundwater Contour Map - Case 2, Stress Period 4. Specific yield value
of 0.40 was applied to the aquifer. For 80 days, water was removed from the aquifer by
7 wells with each pumping 11.1 Lls (175 gpm). Contour interval is 5 feet (all units are
in feet), arrows indicate relative magnitude of groundwater flow velocity.

Case 3: Distance to a Surface-Water Body

The evaluation of the effect of a nearby surface-water body on a recharge site
provided insight into the success or failure of a site. Unlike cases 1 and 2, case 3
completely altered the groundwater flow pattern (Figures 4.22, 4.23, and 4.24). By
increasing the distance between the kettle hole and the pond, the flow pattern in the
immediate vicinity of the kettle hole was no longer governed by the pond. Additionally,
the groundwater flow pattern in the center of the delta shifted from that common in a
delta; where flow is perpendicular to the general direction of the delta and toward the
sides, to one more consistent with that of an esker; where flow is parallel to the general
direction of the delta. These factors increased the retention capacity of the aquifer and
the recovery of the recharged water by the down-gradient wells. However, the recovery
of the water was limited as the distance from the pond increased (Table 4.3). The
installation of a well or wells between the kettle hole and the surface-water body would
be required to fully take advantage of the available water.

Table 4.3 Results from Case 3: Distance to Surface-Water Body Evaluation.
Approximate Distance of Kettle Hole from
Adjacent Pond

Maximum Pumping Rate

80 m (250 ft)

7.9 Lls (125 gpm)

140 m (450 ft)

9.5 Lls (150 gpm)

200 m (650 ft)

11.1 Lls (175 gpm)
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Figure 4.22 Groundwater Contour Map - Case 3, Stress Period 2. Distance between
recharge site and surface-water body increased to 300 m (1000 feet). For 45 days, 252
Lls (4050 gpm) of water was applied to the kettle hole as recharge. Contour interval is
5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity.
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Figure 4.23 Groundwater Contour Map - Case 3, Stress Period 3. Distance between
recharge site and surface-water body increased to 300 m (1000 feet).

Flow arrows

indicate recharge water moving away from kettle hole. Contour interval is 5 feet (all
units are in feet), arrows indicate relative magnitude of groundwater flow velocity.
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Figure 4.24 Groundwater Contour Map - Case 3, Stress Period 4. Distance between
recharge site and surface-water body increased to 300 m (1000 feet). For 80 days,
water was removed from the aquifer by 7 wells with each pumping 11.1 Lls (175 gpm).
Contour interval is 5 feet (all units are in feet), arrows indicate relative magnitude of
groundwater flow velocity.

Ideal Site Application

Simulations were run using the values for the hydraulic parameters that yielded
the most favorable results. A recharge site with such parameters could not only sustain
pumping rates of 12.7 Lls (200 gpm) in the 7 recovery wells discussed so far (Figures
4.25, 4.26, and 4.27), but could also withstand the installation of 3 additional wells at
the same pumping rate (Figure 4.28). Doubling the recharge rate to the kettle hole
during stress period 2 from 4750 c d y r (1870 idyr or 450 gpdcell) to 9500 c d y r
(3740 idyr or 900 gpdcell) did not significantly increase the recoverability of the
recharge water during stress period 4 without adding more wells (Figures 4.29, 4.30,
and 4.31).

Table 4.4 Results from Ideal Site Application.
Recharge Rates and
Number of Pumping Wells

I

4750 c d y r with 7 wells

Maximum Pumping Rate per Well

I

4750 c d y r with 10 wells

I

9500 c d y r with 10 wells

12.7 Lls (200 gpm)

I

12.7 Lls (200 gpm)

I

12.7 Lls (200 gpm)

I
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Figure 4.25 Groundwater Contour Map - Ideal Site, Stress Period 2. For 45 days, 252
L/s (4050 gpm) was applied to the kettle hole. Contour interval is 5 feet (all units are in
feet), arrows indicate relative magnitude of groundwater flow velocity.
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Figure 4.26

roundw water

Contour Map - Ideal Site, Stress Period 3. Flow arrows

indicate recharge water moving away from recharge site. Contour interval is 5 feet (all
units are in feet), arrows indicate relative magnitude of groundwater flow velocity.

Figure 4.27 Groundwater Contour Map

- Ideal Site, Stress Period 4.

For 80 days,

water was removed from the aquifer by 7 wells with each pumping 12.6 Ws (200 gpm).
Contour interval is 5 feet (all units are in feet), arrows indicate relative magnitude of
groundwater flow velocity.
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Figure 4.28 Groundwater Contour Map - Ideal Site, Stress Period 4. Stress Periods 2
and 3 are identical to those of Figures 4.25 and 4.26, respectively. For 80 days, water
was removed from the aquifer by 10 wells with each pumping 12.6 Lls (200 gpm).
Contour interval is 5 feet (all units are in feet), arrows indicate relative magnitude of
groundwater flow direction.

Figure 4.29 Groundwater Contour Map - Ideal Site, Stress Period 2. For 45 days, 504
Lls (8100 gpm) of water was applied to the kettle hole as recharge. Contour interval is
5 feet (all units are in feet), arrows indicate relative magnitude of groundwater flow
velocity.
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Figure 4.30 Groundwater Contour Map
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Site, Stress Period 3. Flow arrows

indicate recharge water moving away from site. Contour interval of 5 feet (all units are
in feet), arrows indicate relative magnitude of groundwater flow velocity.
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Figure 4.31 Groundwater Contour Map - Ideal Site, Stress Period 4. For 80 days,
water was removed from the aquifer by 10 wells with each pumping 12.6 L/s (200
gpm).

Contour interval is 5 feet (all units are in feet), arrows indicate relative

magnitude of groundwater flow velocity.

Guidelines for Evaluating a Potential ARG Site

From these simulations of ARG, several conclusions were developed as what
aquifer characteristics are needed for a successful site.

First, a site must have a

hydraulic conductivity that allows the recharge water to infiltrate and move within the
soil profile but not so far from the recharge site that recovery by pumping becomes
difficult. Aquifers with hydraulic conductivity values within the range of l.le-4 m/s (30
Wday) and 1.4e-4 m/s (40 Wday) would be the most suitable for ARG in eastern
Maine's aquifers. Second, the site should have a specific yield value that large enough
to keep the cone of depression induced during pumping to a minimum size, therefore
reducing the likelihood of aquifer dewatering.

Finally, the distance between the

recharge site and a nearby surface-water body needs to be evaluated on a case-bycase
basis. If the blueberry producer wanted to use the surface-water body as a source of
irrigation water, then the distance between it and the recharge site could be considerably
less than if the producer wanted to pump from the groundwater.

Chapter 5
CONCLUSIONS AND RECOMMENDATIONS FOR
FURTHER STUDY

Conclusions

This study evaluated the potential of artificially recharging groundwater to assist the
wild blueberry growers of eastern Maine with their irrigation water needs. The results
of this study lead to several conclusions, as follows:
1.

The groundwater program Visual MODFLOW is capable of modeling the
groundwater system of the Pineo Ridge delta. After calibration utilizing
observed conditions, it could then be utilized in a predictive manner.

2.

The Pineo Ridge delta has hydrogeologic properties that allow the artificial
recharge of groundwater. With hydraulic conductivity values in the 7.le-5
m/s to 1.8e-4 m/s (20 ft/day to 50 ft/day, respectively) range and a specific
yield value of 0.25, the delta shows great potential for ARG, however a well
field may be necessary for maximum recovery.

3.

The presence of numerous sand and gravel aquifers in eastern Maine with
hydrogeologic properties similar to Pineo Ridge implies that ARG has the
potential to assist the wild blueberry industry in meeting its irrigation water
needs.

However, the success or failure of ARG is reliant on specific

characteristics of the site and therefore ARG sites need to be evaluated on a
case-bycase basis to best match the site with the needs of the grower. From

this study some general guidelines with which to evaluate potential ARG
sites were determined. If pumping is the method of choice for recovering
recharged water, a successful ARG site should have hydraulic conductivity
values between le-4 m/s (30 ft/day) and 1.6e-4 mls (40 ft/day) in order to
allow recharge and recovery of the water.

Recovery of water through

pumping is difficult in aquifers with specific yield values less than 0.2,
however, if the grower prefers to use ARG to augment surface water flows
such that direct withdrawals from the surface water would be possible,
specific yield is not as important in potential site evaluation.

Finally,

recharge sites do not have be a great distance from surface-water bodies to
be effective, in fact, distances of only 200 m (650 ft) were shown to be
adequate in greatly increasing the recoverability of the recharged water.
4.

For all model runs performed for this study, the water elevation in the pond
adjacent to the recharge site was elevated throughout stress periods 2-8 (midspring through early fall) over the corresponding observed elevations during
the summer of 2000.

This implies that ARG in the spring may have the

potential to augment surface water levels and flows throughout the summer
and early fall. This could maintain the water elevation in the surface water
through the irrigation period such that direct withdrawals from surface-water
bodies are possible or augment nearby rivers and streams during the dry
summer months, thereby providing some minimal level of stress relief to
aquatic life such as the Atlantic salmon.

Recommendations for Further Study

Artificial recharge of groundwater could play a major role in balancing not only
the irrigation water needs of the blueberry growers, but those of the salmon populations
as well. Recommendations for further study include:
1.

The elevated water table created as a result of artificially recharging the
groundwater could have an impact on nearby surface-water bodies or
wetlands. For instance, low-flows in nearby rivers and streams during
the summer months may be augmented, thereby relieving stress on
aquatic life such as the Atlantic salmon, or elevated water elevations in
wetland may redefine the wetland boundaries or upset the ecological
balance of the system. Since these effects may be positive or negative,
they should be evaluated on a site-by-site basis.

2.

ARG is often used as a treatment method for waters of impaired quality.
The potential of sand and gravel aquifers of eastern Maine to act as a
treatment media for these waters is unknown.

Further study could

identify alternate sources of recharge water, such as wastewater
treatment facilities.

3.

As with any commodity, the production of wild blueberries is driven by
profits. An economic analysis of ARG relative to blueberry production
is needed to determine the economic feasibility of ARG for blueberry
producers.
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Appendix A
BORING LOGS
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Appendix B
PRECIPITATION RECORD FOR JONESBORO, ME

Appendix C
WATER LEVEL DATA (SUMMER 2000)

Water Level Report
Surface Water Resenroir
Water Source
Datum:

Reference Point

Fish Hatchery Dam
CONUS

Retaining Wall

Datemime

Reading
(feet)

Reference Elevation (feet)

Water Elevation

Reference

Operator

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunders
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Water SourceReference PointReference Elevation (feet)Reference Datum:
Mic-Mac Pond SG
CONUS

Staff Gage
Reading
(feet)

Water Elevation

Operator

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunders
Robert Saunders
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

6.81
6.75
6.67
6.04
4.52
4.38

213.40
213.34
213.26
212.63
211.11
210.97

Water Source
Datum:

Reference Point

Pineo Pond
CONUS

Staff Gage
Datemime

Reading
(feet)

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

Reference Elevation (feet)

Reference

198.48

NAD83
Operator

Water Elevation

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

Water Source
Datum:
Spectacle Pond

Reference Point
Staff Gage

196.39
Reading
(feet)

Water Elevation

Reference Elevation (feet)

Reference

NAD83 CONUS
Operator

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunders
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunders
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

750
l3:Os
l4:25
1l:45
9:20
0:oo
10:02
6:30
13:37
9:40
12:oo
0:oo

Flowing Surface Water
Reference Point

Water Source
Datum:

Reference Elevation (feet)

Reference

Staff Gage

Great Falls Branch
CONUS
Reading
(feet)

Operator

Water Elevation

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunders
Robert Saunders
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

Water Source

Reference Point

Reference Elevation (feet)
Top of Riser

EP-1
CONUS

Datemime

Reading
(feet)

Water Elevation

Reference Datum:
257.83

NAD83

Operator

Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden
Robert Saunden

Reference Point

Water Source
Datum:

Reference Elevation (feet)

Top of Riser

MM-2
CONUS
Reading
(feet)

Reference

255.15

NAD83
Operator

Water Elevation

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Reference Point

Water Source
Datum:

Top of Riser

WP-1
CONUS
Daterrime

Reading
(f-4

Reference Elevation (feet)

Reference

268.25

NAD83
Operator

Water Elevation

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunden
Robert Saunders
Robert Saunders
Robert Saunders

Reference Point

Water Source
Datum:

Top of Riser

WP-3
CONUS
Reading
(feet)

Water Elevation

Reference Elevation (feet)

Reference

271.63

NAD83
Operator

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Reference Point

Water Source
Datum:

Reference Elevation (feet)

Top of Riser

WP4
CONUS
Reading
(feet)

DateKime

Reference

273.8

NAD83
Operator

Water Elevation

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Reference Point

Water Source
Datum:

Reference Elevation (feet)

Top of Riser

WP-5A
CONUS
Reading
(feet)

DateKime

10/30/00

Water Source

0:OO

22.75

Reference Point

Reference Elevation (feet)

Top of Riser

WP4A
CONUS
DateKime

Reading
(feet)

234.37

Water Elevation

NAD83
Operator

Water Elevation

21 1.62

Reference

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Reference Datum:
267.64

NAD83
Operator

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Reference Point

Water Source
Datum:

Top of Riser

WP-9
CONUS
DateKime

Reading
(feet)

Water Elevation

Reference Elevation (feet)

Reference

262.04

NAD83
Operator

Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders
Robert Saunders

Appendix D
FIELD TEST DATA
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